We report the petrology, whole-rock geochemistry, zircon LA-ICP-MS U-Pb chronology and zircon Hf isotopic data of Daxigou granitoids (western part of the Kuluketage Block, NW China) to evaluate their likely petrogenesis and tectonic setting. Zircons from syenogranite can be divided into two groups: 1) those that display oscillatory zoning and high Th/U ratios (average = 1.38), implying their magmatic origin and 2) those that exhibit weak zoning and extremely high U and Pb contents but low Th/U ratios (average = 0.35), resembling zircons that experienced hydrothermal alteration. The zircon LA-ICP-MS U-Pb dating of the two groups of zircons yielded weighted mean ages of 1830 ± 12 Ma (MSWD = 0.78) and 1798 ± 21 Ma (MSWD = 1.6) respectively. The Daxigou granitoids belong mostly to normal-K and sodium-rich metaluminous calc-alkaline type, systematically enriched in LREE and large ion lithophile elements (LILE, e.g., K, Ba and Rb), but significantly depleted in high field strength elements (HFSE, e.g., Ti, P, Nb, Ta and U). Their εHf(t) values and two-stage Hf model ages range from -7.16 to -5.03 and 2.69 to 2.76 Ga, respectively. Taken together, it is suggested that Daxigou granitoids are of I-type affinity and that they were derived by partial melting of a Neoarchaean TTG (e.g., Tuoge Complex) rocks in a continental-arc environment. These new data, combined with previous regional geological studies, demonstrate that a series of Palaeoproterozoic (c. 2.0-1.8 Ga) tectono-magmatic events occurred in Kuluketage Block during the assembly of Columbia.
Introduction
The formation and reworking of early Precambrian continental crust are of great importance in understanding the early evolution of the Earth (Condie 1989 (Condie , 1994 Rudnick 1995; Hawkesworth and Kemp 2006; Long et al. 2010) . The Tarim, as well as the North and South China cratons, constitute three major continental blocks in China and represent an important part of the early crustal evolutionary history of northwest China and adjacent areas (Hu AQ et al. 1997; Lu et al. 2008; Demoux et al. 2009; Xiao and Kusky 2009; Lei et al. 2012) . The Tarim Craton has a poorly dated Archaean-Paleoproterozoic basement which sporadically crops out along the margins of the Mesozoic-Cenozoic Tarim Basin (Lu et al. 2002) . By contrast, the Kuluketage Block (also spelled as Kuruqtagh or Quruqtagh) on the northeastern margin of the Tarim Craton (Fig. 1a-b ) is predominantly composed of the Precambrian basement (Lu et al. 2002 Wang et al. 2013 ) and provides a good opportunity to study the Precambrian evolutionary history of the Tarim Craton.
Several tectono-thermal events from Neoarchaean to the latest Neoproterozoic have been determined in this area. However, most of the previous studies have mainly focused on Neoproterozoic magmatism and tectonic evolution related to the break-up of Rodinia (Xu et al. 2005; Luo et al. 2007; Sun and Huang 2007; Zhu et al. 2008; Zhang et al. 2009; Shu et al. 2010; Cao et al. 2011 ), e.g., c. 800-820 Ma Qiganbulake mafic-ultramafic-carbonatite complex, 820 ± 10 Ma Xingdi granodiorite, 795 ± 10 Ma Taiyangdao granite (Zhang et al. 2007a) , c. 755 Ma bimodal volcanic rocks in the Xinger area (Xu et al. 2005 ) and 630-650 Ma mafic dykes in Korla .
By contrast, little is known about pre-Neoproterozoic magmatism (especially for Mesoproterozoic-Paleoproterozoic magmatism) and the tectonic evolution of the Kuluketage Block. A few studies that have reported on the Paleoproterozoic magmatism and tectonic evolution in the area, mainly dealt with Nd model ages (Feng et al. 1995) and ages from zircons, detrital (Guo et al. 2003; Hu and Wei 2006; Long et al. 2010; Shu et al. 2010) or metamorphic (Lei et al. 2012) . However, no Paleoproterozoic ages of magmatic zircons have been reported yet. Moreover, detailed field observations, precise isotopic ages and high-quality geochemical data are very sparse for late Paleoproterozoic rocks, and this hinders a good understanding of the tectonic evolution of the Tarim Craton, especially the tectonic setting of the Paleoproterozoic magmatism and its relationship to the Palaeo-Mesoproterozoic Columbia Supercontinent (Lei et al. 2012) .
Based on detailed field and petrological studies, we report comprehensive geochronological, geochemical and zircon Hf isotope analyses of the Daxigou Complex (syenogranite and granodiorite) in the Kuluketage Block with the aim of characterising its petrogenesis and tectonic setting. Together with regional geology and geochronological data, the Palaeo-Mesoproterozoic assembly of Columbia is being investigated.
Geological setting
The Kuluketage Block is composed of two units: the basement which includes Archaean, Paleoproterozoic, Mesoproterozoic and early Neoproterozoic lithologies and the middle Neoproterozoic to Phanerozoic sedimentary cover (Gao et al. 1993; Cheng 1994; Feng et al. 1995; Lu et al. 2008) (Fig. 1b) . The Xinger and Xingdi faults are the main regional E-W-oriented structures (Fig. 1c) .
Archaean rocks sporadically crop out in the Kuluketage area, known as the Tuoge Complex. It is mainly composed of granitic gneisses with minor amphibolite xenoliths (derived from gabbroic protoliths) (Hu AQ et al. 1999 ; it yielded a SHRIMP U-Pb zircon age of 2601 ± 21 Ma (Zhang et al. 2012a ) and LA-ICP-MS U-Pb upper intercept zircon age of 2659 ± 15 Ma (Long et al. 2011a Feng et al. 1995; Lu et al. 2002; Zhang et al. 2007b ). Mesoproterozoic to early Neoproterozoic low-grade metamorphic rocks, including metamorphosed carbonate and clastic metasedimentary rocks, as well as granitoids, are widespread in the area (Feng et al. 1995; Lu et al. 2008) . Middle Neoproterozoic to Phanerozoic rocks consist of mafic dyke swarms, bimodal volcanics as well as fine sandstones, siltstones, shales, dark limestones and chert nodule-bearing dolomites. The mafic dykes with bimodal volcanics were formed at 820-744 Ma and 650-630 Ma (Zhang et al. 2007a; Zhu et al. 2008; Xu et al. 2009 ). Late Neoproterozoic glacial deposits are also well exposed (Xu et al. 2009 ). The Daxigou Complex is the first low-grade, large iron-phosphate deposit discovered at the northern margin of the Tarim Craton (Xia et al. 2010) . Several similar complexes with Fe-P mineralization are located along the Xingdi Fault (Xia et al. 2010 ) and form a strong linear aeromagnetic anomaly (Yuan et al. 2013) . From west to east, the petrology of these igneous bodies is as follows: Duosike pyroxenite Complex, Kawuliuketage pyroxenite-hornblendite-syenite Complex, Ao'ertang gabbropyroxenite Complex, Daxigou granodiorite-syenogranite Complex and Qieganbulake biotite pyroxenite-carbonate Complex (Xia et al. 2010 ).
Field geology and petrography
The Daxigou Complex is located south of the Xingdi Fault in Kuluketage Block (Fig. 1c) and is controlled by its subsidiary fault. The coordinates of the working area are 87°27'00"-87°31'00"E and 41°12'30"-41°15'30"N. Rocks of this complex are distributed NW-SE over an area of 2.1 × 0.9 km (Fig. 2) . They intruded into the Archaean Tuoge Complex which is mainly composed of amphibole-bearing tonalitic gneiss (Xia et al. 2010) .
The Daxigou Complex is built mainly by greyish white granodiorite (GD) that exhibits coarse-grained granitic texture and blocky structure. The main mineral components are plagioclase (45-50 vol. %), quartz (25-30 vol. %), K-feldspar (14-17 vol. %), hornblende (8 vol. %), magnetite (1-2 vol. %) and apatite (1 vol. %). Accessory minerals include zircon and ilmenite.
Syenogranites (SG) occur mainly as dykes accompanying the granodiorite, and account for 30 % of the complex. Typically they are pinkish and show massive, medium-to coarse-grained granitic textures. Modal compositions include plagioclase (An 35-50 30-50 vol. %), quartz (25-35 vol. %), K-feldspar (18-22 vol. %), biotite (2-5 vol. %), hornblende (1-2 vol. %), and accessory minerals such as apatite, zircon and ilmenite.
Rocks of the Tuoge Complex are composed of plagioclase (40-48 vol. %), quartz (25-30 vol. %), alkali feldspar (25-30 vol. %) and biotite (5-10 vol. %) with some accessory minerals, e.g., titanite, apatite and zircon. Generally, the Tuoge Complex exhibits considerable 72 Ar ZK2 3 - weathering in the Daxigou area, rendering it not suitable for chemical analyses.
Analytical methods

Zircon U-Pb dating
Zircon grains were separated using conventional crushing, grinding and wet shaking Liu et al. (2008 Liu et al. ( , 2010 . Time-dependent drifts of U-Th-Pb isotopic ratios were corrected using a linear interpolation (with time) for every five analyses according to the variations of external zircon standard 91500 (i.e., 2× 91500 -5 samples -2× 91500) . The ages were calculated by in-house software ICPMSDataCal (ver 9.0) (Liu et al. 2008) , and Concordia diagrams were plotted by Isoplot/ Ex ver. 3.0 (Ludwig 2003) .
Whole-rock geochemistry
Rock samples for the major-and trace-element analyses were carefully selected to be representative of geographical distribution of the two different rock types ( Fig. 2 ): four syenogranites and three granodiorites. Whole-rock samples were crushed to 0.5 cm chips in a steel-faced jaw crusher and powdered with an agate mill. Major elements were analysed with a PAN analytical Axios X-ray fluorescence spectrometer (XRF) at ALS Chemex (Guangzhou) Ltd. A calcined or ignited sample (0.9 g) was added to 9.0 g of lithium borate flux (1 : 1 Li 2 B 4 O 7 -LiBO 2 ), mixed well and fused in an auto fluxer between 1050-1100 °C. A flat molten glass disc was prepared and analysed by XRF with a precision better than 5 %.
Trace-element concentrations were determined with an Elan 9000 ICP-MS at the same lab. To the sample powder (0.2 g) was added lithium metaborate flux (0.9 g), mixed well and fused in a furnace at 1000 °C. The resulting melt was then cooled and dissolved in 100 ml of 4 % HNO 3 /2 % HCl solution and analyzed by ICP-MS with a precision better than 10 % for all elements.
In situ zircon Hf isotope analysis
In situ zircon Hf isotopic analyses were conducted using a Neptune Plus MC-ICP-MS, in combination with a Geolas 2005 excimer ArF laser-ablation system, at the GPMR-CUGW. During the analysis, a laser repetition rate of 20 Hz at 200 mJ was used with the spot diameter of 44 μm. Details of the analytical technique were described in (Hu ZC et al. 2012) . During the analysis, the 176 Hf/ 177 Hf ratios of the standard zircon (GJ-1) were 0.282013 ± 0.000022 (2σ, n = 276), agreeing with the recommended values (Woodhead and Hergt 2005; Wu FY et al. 2006; Sláma et al. 2008; ) within 2σ error. Offline selection and integration of analytical signals, and isobaric interference and mass fractionation correction of Lu-Hf isotopic ratios were also performed by the ICPMS-DataCal. 
Analytical results
Zircon U-Pb geochronology
Zircons are relatively abundant in the dated syenogranite sample SG-2 (Fig. 2) . According to the shape, colour and length/width ratios, they can be categorised into two groups, distinguished below. The measured Pb isotopic ratios and calculated ages for 19 analyses on 19 zircon crystals are given in Tab. 1.
Group one (igneous) zircons
Group one (GO) zircons are sub-euhedral, short to long prismatic, and transparent, and their length/width ratios are c. 2.7. In CL images ( Fig. 3 ; upper two rows), they exhibit oscillatory zoning, a feature typical of magmatic zircon (Corfu et al. 2003) , but a few grains show clear core-rim textures (GO-6). The analyses display variable abundances of U (99-513 ppm), Th (123-622 ppm) and Pb (49-256 ppm) but consistently high Th/U ratios (1.09-2.11) which are suggestive of an igneous origin (Hanchar and Rudnick 1995; Hoskin and Black 2000) . This group of closely clustered concordant analyses yields a weighted mean 207 Pb/ 235 U age of 1830 ± 12 Ma (MSWD = 0.78) (Fig. 4a) , which we adopt as the crystallization age of the syenogranite.
Group two (recrystallized) zircons
By contrast, group two (GT) zircons are irregular in shape and orange in colour under the optical microscope; their length/width ratios are c. 1.2. In CL images (Fig. 3 , the bottom row), they are much darker than magmatic rims and exhibit no zoning. This suggests that they may have undergone hydrothermal alteration, similar to the zircons in alkali syenites (Corfu et al. 2003 (Fig. 4b) , i.e. postdating by nearly 30 Ma the intrusion (GO). Thus we interpreted this datum as the age of post-magmatic alteration.
Major elements
The representative whole-rock major-and trace-element compositions are given in Tab. 2, including those for the Tuoge Complex. In addition, these samples may have undergone some degree of alteration, such as chloritization, even though their LOI values are moderate (2.09-3.63 wt. %), except the sample SG-3 (6.58 wt. %).
The syenogranites are characterised by variable SiO 2 (60.44-73.28 wt. %), K 2 O (1.05-6.23 wt. %), high Na 2 O (3.17-5.62 wt. %), and low Tab. 2 Major-(wt. %) and trace-element data (ppm, including REE) from the Daxigou granitoids (this work) and Tuoge Complex (Rittmann 1953) range from 1.37 to 3.29, which suggests calcalkaline characteristics. In addition, most of the data fall in the medium-K, calc-alkaline field on the SiO 2 versus K 2 O diagram of Peccerillo and Taylor (1976) (Fig. 5a ). The rocks are metaluminous, with the A/CNK [molar Al 2 O 3 /(CaO + K 2 O + Na 2 O)] varying from 0.71 to 0.93, except sample SG-2 (A/CNK = 1.12) (Fig. 5b,  Shand 1943) .
The Daxigou granodiorites contain 61.85-72.05 wt. % SiO 2 , 12.61-14.98 wt. % Al 2 O 3 , 1.46 %-3.59 wt. % CaO, 0.91-2.3 wt. % MgO and 1.02-1.49 wt. % K 2 O, with Na 2 O/K 2 O ratios of 2.99-4.13 and low silica alkalic indexes (δ = 1.34-1.49). All granodiorites belong to the calc-alkaline series (Fig. 5a ) and are subaluminous (A/CNK = 0.90-1.09) (Fig. 5b) .
The Tab. 2 and Harker plots (Fig. 6) (Wolf and London 1994) and S-type granites, and this has been successfully used to distinguish granite types (Chappell 1999) . Most of our data show that Daxigou granitoids are metaluminous, and the content of P 2 O 5 is low and negatively correlated with SiO 2 (Fig. 6) , which corresponds to the evolutionary trend of I-type granites (Chappell and White 1992) . Therefore, we suggest that Daxigou granitoids are of I-type affinity and may have a genetic relationship with the Tuoge Complex.
Trace elements
The trace-element concentrations of the Daxigou granitoids are highly variable. However, most show mutually comparable patterns in primitive mantle-normalized spider diagram (Fig. 7a) . Most of the trace-element contents of granodiorites are higher than those of syenogranites but lower than those of the Tuoge Complex. Generally, all the samples are enriched in large ion lithophile elements (LILE, e.g., K, Ba and Rb) but depleted in high field strength elements (HFSE, e.g., Ti, P, Nb, Ta and U) (Fig. 7a) , and thus show distribution patterns resembling volcanic-arc rocks. We suggest that Ba was elevated by either K-feldspar or biotite accumulation or, along with Rb and K, during hydrothermal alteration.
The chondrite-normalised REE patterns (Fig. 7b) for the granodiorites and the Tuoge Complex have weak to moderate negative Eu anomalies (Eu/Eu* = 0.64-0.96, calculation method in Tab. 2), whereas the syenogranites show weak negative to moderately positive Eu anomalies (Eu/Eu* = 0.90-3.80). Nevertheless, most samples share similar chondrite-normalised REE patterns enriched in LREE over HREE (Fig. 7b) .
In situ zircon Hf isotopic compositions
The zircons of both groups were analysed for their Lu-Hf isotopic compositions on the dated domains (Fig. 3) , and the data are presented in Tab. 3 and graphically illustrated in Fig. 8 . Table 3 shows that the 176 Lu/ 177 Hf ratios of all zircons are less than 0.002, which indicates that they accumulated little radiogenic Hf since they formed.
Eleven analyses obtained from the GO zircons yielded rather variable εHf(t) values of -6.69 to -5.03 (Tab. 3), Griffin et al. 2000) , t = the crystallization age of zircon, λ = 1.867 × 10 -11 a -1 (Söderlund et al. 2004) , ( Sun and McDonough (1989 (Fig. 8) with an average of -6.35 (Tab. 3). The Archaean Hf model ages indicate that the studied rocks may have originated from the melting of the Archaean rocks (e.g., TTG) (Fig. 9) .
Discussion
Geochemical character, age and likely petrogenesis
As stated above, most samples from the Daxigou granitoids exhibit the mineralogical and geochemical characteristics of I-type granites. Most samples belong to the calc-alkaline series, are fairly rich in SiO 2 , Na 2 O (Na 2 O/K 2 O > 1 by weight) and have a metaluminous to subaluminous composition. The MgO (0.24-1.66 wt. %) concentrations are obviously lower than those in the average upper crust (2.48 wt. %; Rudnick and Gao 2003) , and this precludes their derivation directly from the mantle. Furthermore, the relatively high alkalis suggest the presence of feldspars and/or biotite in the source Zhao XF et al. 2008 (Fig. 10a) , all of the Daxigou granitoids fall in the field of the volcanic-arc or syn-collisional granites. However, in the Rb-(Yb + Nb) diagram (Fig. 10b) , almost all of the data plot in the volcanic-arc field. As further evidence, all samples are depleted in Nb, which is typical of granitoids with arc affinity (e.g., Pearce et al. 1984) (Fig. 7b) . In all, the combination of field investigations, whole-rock geochemical data, U-Pb ages and zircon Hf isotope data imply that the Daxigou granitoids represent the continental-arc I-type granites, which may have originated by remelting of the TTG (Tuoge Complex) materials.
Tectonic implications
The age and petrogenesis of the host granitoids have been one of main problems since the discovery of the Daxigou iron-phosphate deposit in the Kuluketage Block. We interpret the newly obtained age of 1830 ± 12 Ma in terms of Paleoproterozoic crystallization of the Daxigou granitoids. The zoning and chemistry of the dated zircons indicate their magmatic origin. A series of high-precision ages of Tarim Craton basement rocks show that they have mainly experienced two major geological events: about 0.8-1.0 Ga Zhang et al. 2011; Cao et al. 2012 ) and 2.3-2.8 Ga (Zhang et al. 2012b; Zhang et al. 2013 ). However, our study indicates that the 1.8-2.0 Ga plutonism may have been important. In addition, the Mesoproterozoic Yangjibulake Group in Kuluketage, which shows effects of greenschist-facies metamorphism, unconformably overlies the Xinditage Group (Zhang et al. 2012a ). Therefore, deducing an important tectonic event at the end of the Paleoproterozoic seems reasonable. Some 1.9-1.8 Ga ages were recently documented at the margins of the Tarim Craton. However, most of these were ascribed to a metamorphic event (Zhang et al. 2012b ). For instance, Wu HL et al. (2012) identified the existence of a 1.85 Ga metamorphic age peak from four metasedimentary rocks in Korla; Zhang et al. 235 U ages and εHf(t) values for the Korla Gneiss are from Long et al. (2010) and for the Xishankou-1 and Xishankou-2 (a Paleoproterozoic granitoid in Kuluketage Block) are from (Lei et al. 2012) . DXG = Daxigou syenogranite. The data for the development of the main reservoirs are from Long et al. (2010) .
Paleoproterozoic metamorphic belt around Kuluketage (Zhang et al. 2012a) .
Moreover, we have noticed that some tectono-magmatic events occurred there at 1.9-1.8 Ga, related to the assembly of Columbia Supercontinent. For instance, Zhang et al. (Lei et al. 2012) . However, the same authors stated that these zircons may have undergone high-temperature metamorphism, considering the nearly identical ages of the cores and metamorphic rims as well as their similar εHf(t) values. We can also see from the above ages that almost all of the zircons are either documented as metamorphic or inherited. In the current study, the 1830 ± 12 Ma age for the Daxigou syenogranite is thus the first reliable crystallization age of the Paleoproterozoic intrusive rocks in the Kuluketage Block.
Based on the above information, we infer an occurrence of an important Paleoproterozoic (c. 2.0-1.8 Ga) tectonometamorphic and magmatic event in the Tarim Block. Late Paleoproterozoic collisional orogenic events have been increasingly recognised in Precambrian cratons worldwide and may have ultimately resulted in the formation of the Columbia Supercontinent (e.g., Rogers and Santosh 2002; Zhao GC et al. 2002 Santosh et al. 2007; Zhao GC et al. 2009; Chen and Xing 2013) . Therefore, the Paleoproterozoic (c. 1.8-1.9 Ga) tectono-magmatic events documented in this study indicate that the Tarim Craton may have taken part in the assembly of the Columbia Supercontinent as well. Voluminous I-type granitic plutons have been traditionally considered to form at active continental margins related to oceanic crust subduction (Wilson 1989 ). Because our zircon dating yielded late Paleoproterozoic crystallization ages, a continental arc-type setting is suggested for the northern Tarim at c. 1830 Ma. However, obtaining detailed information about the subduction zone, e.g., its polarity and location of the ocean is currently a challenge because of scarce information on the Kuluketage Block. Much more work is required to reconstruct the plate tectonic history in the Tarim Craton.
Conclusions
We can draw the following conclusions from our new field, zircon U-Pb ages and geochemical data: 1. LA-ICP-MS U-Pb zircon dating indicates that the emplacement and alteration of the Daxigou syenogranite occurred at 1830 ± 12 Ma and 1798 ± 21 Ma, respectively. This is the first record of a late Paleoproterozoic to early Mesoproterozoic magmatic event in the Kuluketage area. 2. Based on a combination of field investigations and petrographic, geochronological and geochemical evidence, we suggest that Daxigou granitoids belong to Paleoproterozoic continental-arc I-type granites, which may have originated by melting of Neoarchaean TTG (Tuoge Complex) materials. 
